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Abstract Aberrant or elevated levels of reactive oxygen
species (ROS) can mediate deleterious cellular effects,
including neuronal toxicity and degeneration observed in the
etiology of a number of pathological conditions, including
Alzheimer’s and Parkinson’s diseases. Nevertheless, ROS
can be generated in a controlled manner and can regulate
redox sensitive transcription factors such as NFxkB, AP-1 and
NFAT. Moreover, ROS can modulate the redox state of
tyrosine phosphorylated proteins, thereby having an impact
on many transcriptional networks and signaling cascades
important for neurogenesis. A large body of literature links
the controlled generation of ROS at low-to-moderate levels
with the stimulation of differentiation in certain develop-
mental programs such as neurogenesis. In this regard,
ROS are involved in governing the acquisition of the neural
fate—from neural induction to the elaboration of axons.
Here, we summarize and discuss the growing body of liter-
ature that describe a role for ROS signaling in neuronal
development.
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Introduction

Reactive oxygen species (ROS) are highly reactive
metabolites of oxygen (O,) that include hydrogen peroxide
(H,0,), superoxide anion (O5 ) and the hydroxyl radical
('OH). Typically, ROS are associated with cell malfunction
and disease. Indeed, high levels of ROS have been linked
to several neurological disorders, including Parkinson’s
and Alzheimer’s diseases, cell death and senescence [1, 2].
However, there is a growing body of literature supporting
crucial roles for ROS in the regulation of cell signaling
[3-5], growth [6-11], Ca** signaling [12-15], adhesion,
and control of redox sensitive gene expression [3], in
addition to the well-documented role of host defense. The
concept that redox status might also play an important role
in neurogenesis has become a growing area of research in
recent years. This review will first provide a brief overview
of the process of neurogenesis in the embryo as well as
recent work in the ROS field, focusing on studies sup-
porting a role for ROS in neuronal development.

Overview of neurogenesis

In the vertebrate embryo, neuronal induction occurs in a
subset of cells in the ectoderm in response to the inhibition
of transforming growth factor beta (TGFf) and Wnt, as
well as the activation of fibroblast growth factor (FGF)
signaling. The tissue derived is called the neural plate
(reviewed in [16]). The neural plate is transformed into the
neural tube. Within the neural tube, neurogenesis takes
place in the cells of the germinal neuroepithelium (NE) or
ventricular zone (VZ). These cells undergo proliferative
and differentiating cell divisions to generate neural pre-
cursors (neuroblasts), neurons and glial cells that populate
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Fig. 1 A schematic showing the steps involved in the morphogenesis
and transcriptional control of neurogenesis. Inductive signals that
include inhibitors of BMP and Wnt mediate the transition of epithelial
cells into neuroepithelial cells. This is marked by the sequential
upregulation of factors such as Sox 1-3 and Hesl and 5 which mark
the neuronal precursor population. The bHLH transcription factors
Ascll (Mashl), Neurogeninl-3 and Math and NeuroD are upregu-
lated next. They mark committed neuroblasts. Their expression is a

the central nervous system. Postmitotic neurons and neu-
roblasts migrate to the marginal zone and beyond to
assume their terminal fate [17-21].

Glial cells, astrocytes and oligodendrocytes are crucial
for growth and homeostasis of neurons. They are produced
in the nervous system along with neurons in overlapping
but defined temporal windows [22-26]. Together, these
cells differentiate to generate several hundred different
neurons and support cells that make up the central nervous
system (CNS), and the peripheral nervous system (PNS) of
the adult brain [27].

Transcription factors related to the Drosophila genes
achaete-scute (as-c) [28, 29] and atonal (ato) family [29]
conservatively regulate neuronal development in verte-
brates. The upregulation of these basic helix-loop-helix
(bHLH) family of transcription factors is a hallmark of the
activation of neurogenesis. Mashl, Neurogenin, Math and
NeuroD are termed proneural factors [28, 30-32]. These
factors heterodimerize with ubiquitously expressed bHLH
factors, called E proteins in vertebrates and Daughterless
(Da) in Drosophila), to induce neurogenesis [33-36].
Mash1, Neurogeninl and Neurogenin2 are early-acting.
They activate NeuroD family members to induce pan and
sublineage-specific neuronal differentiation. Mathl and 5
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hallmark of the activation of neurogenesis. The neural plate is
transformed into the neural tube. Subsequently, pseudostratified
epithelial cells within the neural tube multiply and differentiate into
distinct neural lineages. Neuronal structural proteins such as SIII-
Tubulin and Neurofilament are expressed by postmitotic neurons.
Reactive oxygen species are involved in the molecular mechanisms
that govern the acquisition of the neural fate, from early steps to the
elaboration of axons [17-21]

function in neuronal determination and differentiation,
respectively (reviewed in [37, 38]).

Neurogenesis is negatively regulated by the sex deter-
mining region of the Y (Sry) chromosome, related to high
mobility group (HMG)-containing box (Sox) factors, hairy
enhancer of split (Hes) bHLH proteins and Inhibitor of
differentiation (Id). Hes and Sox actively repress neuronal
differentiation and are expressed in neuronal precursor
cells. This inhibition allows for adequate proliferation of
precursor cells prior to differentiation. Inhibitory proteins
are also utilized to switch from neuron to glial production,
and are therefore critical for the diversification and correct
patterning of the neuroectoderm (reviewed in [39]). Tran-
scription factors responsible for the expression of proneural
and neuronal inhibitory genes are downregulated upon
terminal neuronal differentiation [40], which is marked by
the appearance of generic and/or sub-type specific neuronal
structural proteins such as Doublecortin, SIII-Tubulin and
Neurofilament [41, 42]. The major molecular players
involved in the orchestration of the neuronal fate are
summarized in Fig. 1.

Neuronal cell types can be generated in vitro from
pluripotent embryonal carcinoma (EC) and embryonic
stem (ES) cells, which are derived from the inner cell mass
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(ICM; reviewed in [16]). Additionally, several types of
neural stem (NS) cells can be obtained from multipotent
embryonic cells or the postnatal brain (reviewed in
[43—45]). Since the temporal pattern of in vitro neuronal
differentiation in ES cells closely recapitulates in vivo
neurogenesis, an abundance of knowledge has been
gleaned using these kinds of models.

However, despite the undisputed importance of the
above-mentioned transcription factors and signals known
to regulate neurogenesis, ROS have been proposed to also
play important roles in differentiation. While high levels of
ROS have been clearly linked to several neurological dis-
orders, the emerging scenario is that, at controlled levels,
ROS can play a positive role in differentiation and devel-
opment (Fig. 1). The remainder of this review will focus on
the emerging importance of ROS in neurogenesis.

Cellular sources of ROS in the developing nervous
system

The role of mitochondrial electron transport chain enzymes
in ROS production is well documented. However, data are
starting to emerge implicating NADPH oxidase (Nox)
family members as additional sources of ROS in many cell
types. The Nox enzymes, which were originally discovered
in phagocytic cells, are responsible for the so-called
‘respiratory burst’ upon immune system stimulation by
pathogens. In phagocytic cells, the Nox enzyme complex
consists of two membrane components, the glycosylated
catalytic subunit gp91°"** (Nox2) and its dimerization
partner p22P"*. Four cytosolic regulatory subunits
(P47, p67P"°% p40P"* and the small GTP-binding
proteins Racl and Rac2) make up the rest of the active
complex. Interestingly, several other Nox members have
been characterized in non-phagocytic cells [including
Nox1, Nox3, Nox4, Nox5 and Dual oxidases 1 and 2
(Duox1 and Duox2)], reviewed in [46]). Microglia, (the
immune cells of the brain), are a major source of NADPH
oxidase in the nervous system. These NADPH oxidases
have been implicated as essential components of normal
brain homeostasis, and the perturbation of their signaling
leads to deleterious effects in the nervous system [47, 48].

Nox family members Noxl, Nox2, Nox3 and Nox4
[49, 50] have been identified throughout differentiation of
pluripotent mouse ES cells, albeit at varying levels.
Although full characterization of these enzymes in neuro-
genesis is lacking, data suggest that they display distinct
temporal expression patterns. Nox4 may be of particular
interest since it appears to be expressed at robust levels in
both dividing mouse ES cells and differentiating embryoid
bodies. Although the early expression of Nox4 suggests
that it may play an important role in differentiation, more

studies will need to be completed to determine the
importance of these Nox isoforms in neurogenesis.

The Dual oxidase subgroup of Nox enzymes, which are
the most recently discovered family members [51], are
unique in that they require maturation factors (DuoxA/Nip)
for ROS production in cells. Unlike Nox1-Nox4, dual
oxidases do not associate with p22P"** and nor do they
require the other regulatory units typical of other family
members. Duox1 and Duox2 (and their respective matura-
tion factors) were found to be expressed in a variety of adult
tissues including the thyroid, airway tracts, salivary glands
and the gastro-intestinal tract [52]. Recently, our laboratory
detected these enzymes in the developing embryonic and
postnatal mouse brain [53]. The structure of Doux features a
canonical C-terminal Nox catalytic domain, a bis-heme
peroxidase-like domain, and a Ca*"-binding domain at the
N-terminal region [54, 55]. Human Duox enzymes, like
Nox$5, contain a calcium binding domain with two EF hands
(instead of the canonical four EF hands characteristic of
Nox5). The H,O, produced by the Duox enzymes is utilized
in thyroid hormone biosynthesis. In this process, H;O,,
which acts as the final electron acceptor, facilitates the
thyroperoxidase-catalyzed iodination of thyroglobulin and
the coupling of iodinated tyrosyl residues via phenoxy-ether
bond formation [56, 57]. Agonists capable of increasing
intracellular Ca®* levels have been shown to cause corre-
sponding elevations in ROS in thyroid cells [58, 59]. The
Duox enzymes can also generate superoxide presumably via
their peroxidase domain. Roles for this unique mode of
H,O, generation and utilization by Duox enzymes have not
been fully explored.

The other common source of ROS production in cells is
the mitochondrial electron transport chain. In the mito-
chondria, O, is converted to O3 by complex I (NADH/
Ubiquinone oxyreductase) and complex III (ubiquinol/
cytochrome c¢ oxidoreductase) components. This O3 can
be converted to H,O, by the enzyme superoxide dismutase
(SOD). Other minor sources of ROS-producing enzymes in
cells include peroxidases and oxygenases. ROS generation
is triggered in many cell types in response to stimuli such
as cytokines, hormones, growth factors, integrin signaling,
hypoxia and differentiation. For example, elevations in
ROS levels are associated with cytokines, interleukinl, and
tumor necrosis factor in fibroblasts [60, 61]. Furthermore,
the correct balance of ROS production and utilization is
critical to the regulation of self-renewal and differentiation
in pluripotent cells [62—-64].

Regulation of neurogenesis by ROS

ROS have been long known to induce apoptosis and neg-
atively impact neuronal cell fate [65-67], but a growing
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body of literature has started to implicate ROS in neuro-
genesis as opposed to neurodegeneration. Early evidence of
beneficial roles for ROS in neurogenesis include the finding
that neuroblastoma cells differentiate into neurons in high
concentrations of oxygen in vitro [68], and that oxygen
pressure and consumption in the nervous system increase
during the first few postnatal days, coinciding with terminal
differentiation of neurons [69, 70]. Additionally, PC12
cells grown in 50% O, (hyperoxia) show levels of neuronal
differentiation similar to those demonstrated with nerve
growth factor (NGF) treatment (e.g., neurite extension,
expression of differentiation markers, and tyrosine hydro-
lase). This phenotype was also observed when these cells
were treated with xanthine/xanthine oxidase (which gen-
erates H,O, and O3 ). Furthermore, treatment with two
different antioxidants (ascorbic acid and N acetyl L-cys-
teine), abolished the hyperoxia-induced neurite extension
and differentiation [71]. Suzukawa et al. [72] also showed
that the increase in ROS, neurite outgrowth, tyrosine
phosphorylation and AP1-activation during NGF stimula-
tion of PC12 cells was abrogated by ROS inhibitors and by
overexpression of a dominant negative Rac [72].

Neuregulin (NRG), which binds and activates receptor
tyrosine kinases ErbB-3 and ErbB-4, increased ROS and
induced neuronal differentiation when overexpressed in
PC12 cells. Inhibition of ROS (by N acetyl L-cysteine)
reduced the NRG-induced activation of RAS, Erk and
PC12-ErbB-4 cell differentiation [73]. Embryonic rat cor-
tical cells stimulated with FGF2 (which induces a neuronal
morphology) display higher ROS levels than in progenitor
cells. Cell-permeant versions of both SOD and catalase
were able to reduce ROS levels, thus implicating both
H202 and 02_ [74]

Recently, our laboratory showed that ectopic nipl
expression in mouse embryonal carcinoma P19 cells led to
elevated ROS and the upregulation of several neuronal
differentiation markers and proneural genes. Nip and Duox
are expressed in the neuronal lineage in stem cells as well
as the developing brain. Depletion of nipl expression by
short hairpin RNA led to reductions in neuronal differen-
tiation and ROS generation [53]. Since H,0, is known to
stimulate neuronal differentiation [71-75], our work pro-
vided the first demonstration that Nip can regulate
neurogenesis in stem cells by regulating the cellular levels
of H,0O,. Hence, we proposed a new mechanism that guides
neuronal differentiation and characterized Nipl-mediated
ROS production as a novel intrinsic regulator of neuronal
cell fate in stem cells [53].

Four alternatively spliced variants of Nip/ have been
described to date. Duoxala/DuoxAl-2, Duoxal f//Duox-
aAl-1, Duoxaly/DuoxAl-3, and Duox16 contain 343, 298,
483 and 438 amino acids, respectively. These isoforms
differ in their ability to target Duox to the plasma
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membrane or to internal membranes, and in the nature of
ROS released. Interestingly, only the DuoxA1ly/DuoxA1-3
isoform (~55 kDa) which shows closest homology to
Drosophila Nip [76], and the DuoxAla variant (~40 kDa)
which is closest in sequence to DuoxA2, were found to
support hydrogen peroxide generation and optimal matu-
ration of Duox1 and Duox2 [77, 78]. The role of Nip in
homeostasis may be to integrate functions in the develop-
ing brain and endocrine systems. This is plausible since
several studies report that alterations in thyroid hormone
signaling components can modulate neuronal development
(reviewed in [79]). Therefore, Nip, a component of the
ROS-generating Duox system and an interaction partner of
the cell fate determinant Numb, likely has a profound
influence in the development of pluripotent cells into the
neuronal lineage. Additionally, work supporting roles for
other NADPH oxidase family members in neuronal dif-
ferentiation is starting to emerge. It was recently
demonstrated that PKC is stimulated by NADPH oxidases
during the retinoic acid-induced neuronal differentiation of
neuroblastoma cells [80].

Along with growing evidence in support of a role for
ROS in neurogenesis, recent work also suggests that
endogenous ROS levels fluctuate throughout differentiation
[81]. It is also becoming apparent that cells produce dif-
ferent levels of ROS depending on their developmental
stage, and thus have varying degrees of tolerance for
oxidative stress [81]. It has been recently determined that
exposure to exogenous ROS enhances self-renewal and
differentiation of proliferative neural progenitors (which
exhibit higher endogenous levels of ROS than their
differentiating counterparts), but results in toxicity in dif-
ferentiating neurons [81]. Additionally, in another recent
study, quantification of intracellular redox status using
mass spectrometry revealed that dynamic changes in the
redox balance occur during the transition from pluripotent
cells to differentiated neurons. Differentiated neurons were
found to be in enriched in saturated fatty acids, including
eicosanoids, neuroprotin D1, leukotrien B4 and metabolites
that undergo mitochondria beta oxidation. Gain-of-function
studies demonstrated that these candidate factors could
increase the presence of neuronal markers in stem cells
[82].

While the exact mechanisms involved in ROS-mediated
neurogenesis remain unclear, it has been previously
established that endogenously produced H,O, activates
PI3K/Akt [81], p38 MAPK [49] and ERK [83] signaling.
Similarly, ROS are known to stimulate nuclear factor
kappa light chain enhancer of activated B cells (NFxB)
[84]. The recent discovery that the activation of two other
ROS-dependent transcription factors [activator protein 1
(AP-1) and nuclear factor of activated T cells (NF-AT)] is
decreased upon knockdown of Duox1 in Jurkat T cells [3],
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supports the possibility that ROS-mediated differentiation
results from the activation of well-known signaling path-
ways and redox-sensitive transcription factors. Future
research will continue to reveal not only the signaling
cascades initiated by ROS but also the importance of their
activation during neurogenesis.

Conclusion and future directions

Recent findings provide convincing evidence for a role of
ROS in the regulation of the neuronal fate. What remains
puzzling are the sheer number of enzymes (different Nox and
Duox isoforms) expressed in neural progenitor cells, all of
which are capable of producing ROS. Studies in mouse tis-
sues and mouse embryonic stem cells also reveal an
abundance of these enzymes in these systems [49, 50, 53].
Attempts at characterizing Nox and Duox proteins suggest
differences in temporal expression during differentiation, as
well as differences in the resulting phenotypes from their
knockdown or overexpression. A new level of complexity is
added when one considers that these enzymes may be acti-
vated by different stimuli, they may signal through different
pathways, and are likely not fully redundant. Indeed, much
about our understanding regarding the effects of ROS on
differentiation remains unknown. Whether the careful
manipulation of ROS-producing enzymes may be useful in
the future treatment of neuro-degenerative diseases is also
unclear. However, links between ROS and differentiation
represent important discoveries in light of the fact that high
levels are known to be catastrophic to cells, and ROS gen-
erating systems are now being considered as potential targets
in the development of stem cell therapies [83].

Acknowledgements Work from the authors’ laboratory was sup-
ported by grants (to S.S.C.L.) from the Canadian Institute of Health
Research and the Canadian Cancer Society. S.C.C.L. holds a Canada
Research Chair in Functional Genomics and Cellular Proteomics.

References

1. Vaquero EC, Edderkaoui M, Pandol SJ, Gukovsky I, Gukovskaya
AS (2004) Reactive oxygen species produced by NAD(P)H
oxidase inhibit apoptosis in pancreatic cancer cells. J Biol Chem
279(33):34643-34654

2. Furukawa A, Tada-Oikawa S, Kawanishi S, Oikawa S (2007)
H,0, accelerates cellular senescence by accumulation of acety-
lated p53 via decrease in the function of SIRT1 by NAD+
depletion. Cell Physiol Biochem 20(1-4):45-54

3. Kwon J, Shatynski KE, Chen H, Morand S, de Deken X, Miot F,
Leto TL, Williams MS (2010) The nonphagocytic NADPH oxi-
dase Duoxl mediates a positive feedback loop during T cell
receptor signaling. Sci Signal 3(133):ra59

4. Mahadev K, Motoshima H, Wu X, Ruddy JM, Arnold RS, Cheng
G, Lambeth JD, Goldstein BJ (2004) The NAD(P)H oxidase
homolog Nox4 modulates insulin-stimulated generation of H,O,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

and plays an integral role in insulin signal transduction. Mol Cell
Biol 24(5):1844-1854

. Rhee SG (2006) Cell signaling. H,O,, a necessary evil for cell

signaling. Science 312:1882-1883

. Burhans WC, Heintz NH (2009) The cell cycle is a redox cycle:

linking phase-specific targets to cell fate. Free Radic Biol Med
47(9):1282-1293

. Cicchillitti L, Fasanaro P, Biglioli P, Capogrossi MC, Martelli F

(2003) Oxidative stress induces protein phosphatase 2A-depen-
dent dephosphorylation of the pocket proteins pRb, pl07, and
p130. J Biol Chem 278(21):19509-19517

. Mofarrahi M, Brandes RP, Gorlach A, Hanze J, Terada LS, Quinn

MT, Mayaki D, Petrof B, Hussain SN (2008) Regulation of
proliferation of skeletal muscle precursor cells by NADPH oxi-
dase. Antioxid Redox Signal 10(3):559-574

. Petry A, Djordjevic T, Weitnauer M, Kietzmann T, Hess J,

Gorlach A (2006) NOX2 and NOX4 mediate proliferative
response in endothelial cells. Antioxid Redox Signal 8(9-10):
1473-1484

Ranjan P, Anathy V, Burch PM, Weirather K, Lambeth JD,
Heintz NH (2006) Redox-dependent expression of cyclin D1 and
cell proliferation by Nox1 in mouse lung epithelial cells. Antioxid
Redox Signal 8(9-10):1447-1459

Sturrock A, Cahill B, Norman K, Huecksteadt TP, Hill K,
Sanders K, Karwande SV, Stringham JC, Bull DA, Gleich M,
Kennedy TP, Hoidal JR (2006) Transforming growth factor-betal
induces Nox4 NAD(P)H oxidase and reactive oxygen species-
dependent proliferation in human pulmonary artery smooth
muscle cells. Am J Physiol Lung Cell Mol Physiol 290(4):L661-
L673

Kaplan P, Babusikova E, Lehotsky J, Dobrota D (2003) Free
radical-induced protein modification and inhibition of Ca2*-
ATPase of cardiac sarcoplasmic reticulum. Mol Cell Biochem
248(1-2):41-47

Hidalgo C, Sanchez G, Barrientos G, Aracena-Parks P (2006) A
transverse tubule NADPH oxidase activity stimulates calcium
release from isolated triads via ryanodine receptor type 1 S-glu-
tathionylation. J Biol Chem 281(36):26473-26482

Tirone F, Cox JA (2007) NADPH oxidase 5 (NOXS5) interacts
with and is regulated by calmodulin. FEBS Lett 581(6):
1202-1208

Zima AV, Blatter LA (2006) Redox regulation of cardiac calcium
channels and transporters. Cardiovasc Res 71(2):310-321
Gaulden J, Reiter JF (2008) Neur-ons and neur-offs: regulators of
neural induction in vertebrate embryos and embryonic stem cells.
Hum Mol Genet 17(R1):R60-R66

Fishell G, Mason CA, Hatten ME (1993) Dispersion of neural
progenitors within the germinal zones of the forebrain. Nature
362:636-638

Caviness VS Jr, Takahashi T, Nowakowski RS (1995) Numbers,
time and neocortical neuronogenesis: a general developmental
and evolutionary model. Trends Neurosci 18(9):379-383
McConnell SK (1995) Strategies for the generation of neuronal
diversity in the developing central nervous system. J Neurosci
15(11):6987-6998

Qian X, Goderie SK, Shen Q, Stern JH, Temple S (1998) Intrinsic
programs of patterned cell lineages in isolated vertebrate CNS
ventricular zone cells. Development 125(16):3143-3152
Kintner C (2002) Neurogenesis in embryos and in adult neural
stem cells. J Neurosci 22(3):639-643

Lu QR, Yuk D, Alberta JA, Zhu Z, Pawlitzky I, Chan J,
McMahon AP, Stiles CD, Rowitch DH (2000) Sonic hedgehog-
regulated oligodendrocyte lineage genes encoding bHLH proteins
in the mammalian central nervous system. Neuron 25(2):317-329
Qian X, Shen Q, Goderie SK, He W, Capela A, Davis AA,
Temple S (2000) Timing of CNS cell generation: a programmed

@ Springer



220

K. A. M. Kennedy et al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

sequence of neuron and glial cell production from isolated murine
cortical stem cells. Neuron 28(1):69—-80

Mauch DH, Nagler K, Schumacher S, Goritz C, Muller EC, Otto
A, Pfrieger FW (2001) CNS synaptogenesis promoted by glia-
derived cholesterol. Science 294:1354-1357

Nagler K, Mauch DH, Pfrieger FW (2001) Glia-derived signals
induce synapse formation in neurones of the rat central nervous
system. J Physiol 533:665-679

Kiecker C, Lumsden A (2005) Compartments and their bound-
aries in vertebrate brain development. Nat Rev Neurosci 6(7):
553-564

Masland RH (2004) Neuronal cell types. Curr Biol 14(13):R497—-
R500

Campos-Ortega JA (1993) Mechanisms of early neurogenesis in
Drosophila melanogaster. J Neurobiol 24(10):1305-1327

Jan YN, Jan LY (1993) HLH proteins, fly neurogenesis, and
vertebrate myogenesis. Cell 75(5):827-830

Guillemot F, Joyner AL (1993) Dynamic expression of the
murine Achaete-Scute homologue Mash-1 in the developing
nervous system. Mech Dev 42(3):171-185

Ma Q, Kintner C, Anderson DJ (1996) Identification of neurog-
enin, a vertebrate neuronal determination gene. Cell 87(1):43-52
Johnson JE, Birren SJ, Anderson DJ (1990) Two rat homologues
of Drosophila achaete-scute specifically expressed in neuronal
precursors. Nature 346(6287):858-861

Cabrera CV, Alonso MC (1991) Transcriptional activation by
heterodimers of the achaete-scute and daughterless gene products
of Drosophila. EMBO J 10(10):2965-2973

Johnson JE, Birren SJ, Saito T, Anderson DJ (1992) DNA
binding and transcriptional regulatory activity of mammalian
achaete-scute homologous (MASH) proteins revealed by inter-
action with a muscle-specific enhancer. Proc Natl Acad Sci USA
89(8):3596-3600

Powell LM, Deaton AM, Wear MA, Jarman AP (2008) Speci-
ficity of Atonal and Scute bHLH factors: analysis of cognate E
box binding sites and the influence of Senseless. Genes Cells
13(9):915-929

Massari ME, Murre C (2000) Helix-loop-helix proteins: regula-
tors of transcription in eucaryotic organisms. Mol Cell Biol
20(2):429-440

Ma Q (2006) Transcriptional regulation of neuronal phenotype in
mammals. J Physiol 575:379-387

Bertrand N, Castro DS, Guillemot F (2002) Proneural genes and
the specification of neural cell types. Nat Rev Neurosci 3(7):
517-530

Kageyama R, Ohtsuka T, Hatakeyama J, Ohsawa R (2005) Roles
of bHLH genes in neural stem cell differentiation. Exp Cell Res
306(2):343-348

Ross SE, Greenberg ME, Stiles CD (2003) Basic helix-loop-helix
factors in cortical development. Neuron 39(1):13-25

Moody SA, Quigg MS, Frankfurter A (1989) Development of the
peripheral trigeminal system in the chick revealed by an isotype-
specific anti-beta-tubulin monoclonal antibody. J Comp Neurol
279(4):567-580

Francis F, Koulakoff A, Boucher D, Chafey P, Schaar B, Vinet
MC, Friocourt G, McDonnell N, Reiner O, Kahn A, McConnell
SK, Berwald-Netter Y, Denoulet P, Chelly J (1999) Doublecortin
is a developmentally regulated, microtubule-associated protein
expressed in migrating and differentiating neurons. Neuron
23(2):247-256

Wichterle H, Garcia-Verdugo JM, Herrera DG, Alvarez-Buylla A
(1999) Young neurons from medial ganglionic eminence disperse
in adult and embryonic brain. Nat Neurosci 2(5):461-466
Stavridis MP, Smith AG (2003) Neural differentiation of mouse
embryonic stem cells. Biochem Soc Trans 31:45-49

@ Springer

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Morrison SJ (2001) Neuronal potential and lineage determination
by neural stem cells. Curr Opin Cell Biol 13(6):666—672
Bedard K, Krause HK (2007) The NOX family of ROS-gener-
ating NADPH oxidases: physiology and pathophysiology. Physiol
Rev 87:245-313

Dickinson BC, Peltier J, Stone D, Schaffer DV, Chang CJ (2011)
Nox2 redox signaling maintains essential cell populations in the
brain. Nat Chem Biol 7(2):106-112

Infanger DW, Sharma RV, Davisson RL (2006) NADPH oxi-
dases of the brain: distribution, regulation, and function. Antioxid
Redox Signal 8(9-10):1583-1596

Li J, Stouffs M, Serrander L, Banfi B, Bettiol E, Charnay Y,
Steger K, Krause KH, Jaconi ME (2006) The NADPH oxidase
NOX4 drives cardiac differentiation: Role in regulating cardiac
transcription factors and MAP kinase activation. Mol Biol Cell
17(9):3978-3988

Buggisch M, Ateghang B, Ruhe C, Strobel C, Lange S, War-
tenberg M, Sauer H (2007) Stimulation of ES-cell-derived
cardiomyogenesis and neonatal cardiac cell proliferation by
reactive oxygen species and NADPH oxidase. J Cell Sci
120:885-894

De Deken X, Wang D, Many MC, Costagliola S, Libert F,
Vassart G, Dumont JE, Miot F (2000) Cloning of two human
thyroid cDNAs encoding new members of the NADPH oxidase
family. J Biol Chem 275(30):23227-23233

Grasberger H, Refetoff S (2006) Identification of the maturation
factor for dual oxidase. Evolution of an eukaryotic operon
equivalent. J Biol Chem 281(27):18269-18272

Kennedy KA, Ostrakhovitch EA, Sandiford SD, Dayarathna T,
Xie X, Waese EY, Chang WY, Feng Q, Skerjanc IS, Stanford
WL, Li SS (2010) Mammalian numb interacting proteinl/dual
oxidase maturation factorl directs neuronal fate in stem cells.
J Biol Chem 285(23):17974-17985

Kawahara T, Quinn MT, Lambeth JD (2007) Molecular evolution
of the reactive oxygen-generating NADPH oxidase (Nox/Duox)
family of enzymes. BMC Evol Biol 7:109

Lambeth JD, Kawahara T, Diebold B (2007) Regulation of Nox
and Duox enzymatic activity and expression. Free Radic Biol
Med 43(3):319-331

Wang D, De Deken X, Milenkovic M, Song Y, Pirson I, Dumont
JE, Miot F (2005) Identification of a novel partner of duox: EFP1,
a thioredoxin-related protein. J Biol Chem 280(4):3096-3103
Corvilain B, van Sande J, Laurent E, Dumont JE (1991) The
H,0,-generating system modulates protein iodination and the
activity of the pentose phosphate pathway in dog thyroid.
Endocrinology 128(2):779-785

Takasu N, Yamada T, Shimizu Y, Nagasawa Y, Komiya I (1989)
Generation of hydrogen peroxide in cultured porcine thyroid
cells: synergistic regulation by cytoplasmic free calcium and
protein kinase C. J Endocrinol 120(3):503-508

Raspe E, Laurent E, Corvilain B, Verjans B, Erneux C, Dumont
JE (1991) Control of the intracellular Ca(2+)-concentration and
the inositol phosphate accumulation in dog thyrocyte primary
culture: evidence for different kinetics of Ca(24-)-phosphatidyl-
inositol cascade activation and for involvement in the regulation
of H,O, production. J Cell Physiol 146(2):242-250

Matsubara Y, Ninomiya K, Yasuda Y, Hanawa T, Yagi K,
Miyamoto Y, Hatakenaka R, Funatsu T, Ikeda S, Kuwabara M
(1986) Clinical evaluation of tumor markers in patients with lung
cancer, laying stress on tissue polypeptide antigen (TPA). Nippon
Gan Chiryo Gakkai Shi 21(4):744-751

Meier B, Radeke HH, Selle S, Younes M, Sies H, Resch K,
Habermehl GG (1989) Human fibroblasts release reactive oxygen
species in response to interleukin-1 or tumour necrosis factor-
alpha. Biochem J 263(2):539-545



Reactive oxygen species and the neuronal fate

221

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Smith J, Ladi E, Mayer-Proschel M, Noble M (2000) Redox state
is a central modulator of the balance between self-renewal and
differentiation in a dividing glial precursor cell. Proc Natl Acad
Sci USA 97(18):10032-10037

Ezashi T, Das P, Roberts RM (2005) Low O, tensions and the
prevention of differentiation of hES cells. Proc Natl Acad Sci
USA 102(13):4783-4788

Desbordes SC, Placantonakis DG, Ciro A, Socci ND, Lee G,
Djaballah H, Studer L (2008) High-throughput screening assay
for the identification of compounds regulating self-renewal and
differentiation in human embryonic stem cells. Cell Stem Cell
2(6):602-612

Numakawa T, Matsumoto T, Numakawa Y, Richards M, Yam-
awaki S, Kunugi H (2011) Protective action of neurotrophic
factors and estrogen against oxidative stress-mediated neurode-
generation. J Toxicol 2011:405194

Ghosh N, Ghosh R, Mandal SC (2011) Antioxidant protection: a
promising therapeutic intervention in neurodegenerative disease.
Free Radic Res 45(8):888-905

Cardaci S, Filomeni G, Rotilio G, Ciriolo MR (2010)
p38(MAPK)/p53 signaling axis mediates neuronal apoptosis in
response to tetrahydrobiopterin-induced oxidative stress and
glucose uptake inhibition: implication for neurodegeneration.
Biochem J 430(3):439-451

Nissen C, Ciesielski-Treska J, Hertz L, Mandel P (1973) Regu-
lation of oxygen consumption in neuroblastoma cells: effects of
differentiation and of potassium. J Neurochem 20(4):1029-1035
Purves D, McMahan UJ (1972) The distribution of synapses on a
physiologically identified motor neuron in the central nervous
system of the leech. An electron microscope study after the
injection of the fluorescent dye procion yellow. J Cell Biol
55(1):205-220

Kawai S, Yonetani M, Nakamura H, Okada Y (1989) Effects of
deprivation of oxygen and glucose on the neural activity and
the level of high energy phosphates in the hippocampal slices
of immature and adult rat. Brain Res Dev Brain Res
48(1):11-18

Katoh S, Mitsui Y, Kitani K, Suzuki T (1997) Hyperoxia induces
the differentiated neuronal phenotype of PC12 cells by producing
reactive oxygen species. Biochem Biophys Res Commun 241(2):
347-351

Suzukawa K, Miura K, Mitsushita J, Resau J, Hirose K, Crystal
R, Kamata T (2000) Nerve growth factor-induced neuronal dif-
ferentiation requires generation of Racl-regulated reactive
oxygen species. J Biol Chem 275(18):13175-13178

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

Goldsmit Y, Erlich S, Pinkas-Kramarski R (2001) Neuregulin
induces sustained reactive oxygen species generation to mediate
neuronal differentiation. Cell Mol Neurobiol 21(6):753-769
Tsatmali M, Walcott EC, Crossin KL (2005) Newborn neurons
acquire high levels of reactive oxygen species and increased
mitochondrial proteins upon differentiation from progenitors.
Brain Res 1040(1-2):137-150

Munnamalai V, Suter DM (2009) Reactive oxygen species reg-
ulate F-actin dynamics in neuronal growth cones and neurite
outgrowth. J Neurochem 108(3):644-661

Qin H, Percival-Smith A, Li C, Jia CY, Gloor G, Li SS (2004) A
novel transmembrane protein recruits numb to the plasma
membrane during asymmetric cell division. J Biol Chem
279(12):11304-11312

Luxen S, Noack D, Frausto M, Davanture S, Torbett BE, Knaus UG
(2009) Heterodimerization controls localization of Duox—DuoxA
NADPH oxidases in airway cells. J Cell Sci 122:1238-1247
Morand S, Ueyama T, Tsujibe S, Saito N, Korzeniowska A, Leto
TL (2009) Duox maturation factors form cell surface complexes
with Duox affecting the specificity of reactive oxygen species
generation. FASEB J 23(4):1205-1218

Ahmed OM, El-Gareib AW, El-Bakry AM, Abd El-Tawab SM,
Ahmed RG (2008) Thyroid hormones states and brain develop-
ment interactions. Int J Dev Neurosci 26(2):147-209

Nitti M, Furfaro AL, Cevasco C, Traverso N, Marinari UM,
Pronzato MA, Domenicotti C (2010) PKC delta and NADPH
oxidase in retinoic acid-induced neuroblastoma cell differentia-
tion. Cell Signal 22(5):828-835

Le Belle JE, Orozco NM, Paucar AA, Saxe JP, Mottahedeh J,
Pyle AD, Wu H, Kornblum HI (2011) Proliferative neural stem
cells have high endogenous ROS levels that regulate self-renewal
and neurogenesis in a PI3K/Akt-dependant manner. Cell Stem
Cell 8(1):59-71

Yanes O, Clark J, Wong DM, Patti GJ, Sanchez-Ruiz A, Benton
HP, Trauger SA, Desponts C, Ding S, Siuzdak G (2010) Meta-
bolic oxidation regulates embryonic stem cell differentiation. Nat
Chem Biol 6(6):411-417

Chan EC, Jiang F, Peshavariya HM, Dusting GJ (2009) Regula-
tion of cell proliferation by NADPH oxidase-mediated signaling:
potential roles in tissue repair, regenerative medicine and tissue
engineering. Pharmacol Ther 122(2):97-108

Piao YJ, Seo YH, Hong F, Kim JH, Kim YJ, Kang MH, Kim BS,
Jo SA, Jo I, Jue DM, Kang I, Ha J, Kim SS (2005) Nox 2
stimulates muscle differentiation via NF-kappaB/iNOS pathway.
Free Radic Biol Med 38(8):989-1001

@ Springer



	Reactive oxygen species and the neuronal fate
	Abstract
	Introduction
	Overview of neurogenesis
	Cellular sources of ROS in the developing nervous system
	Regulation of neurogenesis by ROS
	Conclusion and future directions
	Acknowledgements
	References


